A cyclohexane derivative with three chiral centers, a key intermediate for the synthesis of a diterpene verticillol, was prepared starting from (+)-dihydrocarvone. A further challenge to cyclize to a 12-membered carbocycle was attempted, although the products were dimeric derivatives presumably due to an undesirable conformation of the substrate.
Verticillol (1) is a diterpene isolated from Sciadopitys verticillata in 1964 by Norman and his group [1] . Its structure was determined by the same group in 1978 by X-ray crystallographic analysis of a derivative [2] . The absolute configuration was also determined from the CD spectrum of the derived ketone [2] . However, the absolute configuration was later revised by X-ray crystallography applied to the p-iodobenzoate derivative by Coates and his group [3] [verticillol was shown in its ent-form, not a natural one, because the starting (+)-6 was commercially available]. Several natural products of the verticillane type were isolated from a liverwort and their absolute configurations were also revised [4, 5] . The absolute configurations of verticillane diterpenoids were later studied by VCD [6] . Total syntheses of 12-epiverticillol [7] and verticillene [8] have been reported. A synthetic work towards hypoestoxide, a verticillane type diterpenoid, using RCM reaction was described [9] . However, the total synthesis of verticillol (1) has not yet been reported. We planned the synthesis of verticillol (1) by application of the RCM reaction to construct the 12-membered carbocycle in this system and a chiral hexasubstituted cyclohexanediol derivative was stereoselectively synthesized starting from (+)-dihydrocarvone.
The retro-synthetic analysis is outlined in Scheme 1. Triene 2 can be cyclized to the natural product 1 by treatment with either Grubbs catalyst or its analogues. Compound 2 can be derived from a triol derivative 3, which may be obtained by oxidative opening of bicyclic ketone 4. Intramolecuar Michael type cyclization of keto ester 5, the key reaction of this synthesis, may give bicyclic ester 4. Compound 5 can be prepared from (+)-dihydrocarvone (6) . Scheme 1: Retro-synthesis of verticillol (1) starting from (+)-dihydrocarvone (6) .
Hydroboration-oxidation of commercially available, optically active (+)-dihydrocarvone (6) afforded diol 7. Jones oxidation and subsequent esterification gave keto ester 8. Acetalization and a) tBuOK was used as a base. b) determined by GC-MS. c) total isolation yield. The methyl ester was converted to aldehyde [(1) LiAlH 4 , (2) PDC, CH 2 Cl 2 ] and the subsequent Horner-Wadsworth-Emmons reaction using triethyl phosphonoacetate/NaH produced -unsaturated ester 11 (60% in three steps), which was deprotected (TsOH/MeOH-H 2 O) to give ethyl ester 12 (92%) (Scheme 2).
The cyclization of keto ester 12 was accomplished by treatment with tBuOK in THF. Of the three kinds of esters tested (R=Me, Et, tBu), the ethyl ester gave the best yield (total 85%) ( Table 1) . However, the products were a mixture of 13 and 14 in each case. Their structures were determined by NOESY, as shown in Scheme 3. The selectivity was 2:3 in favor of the undesired compound 14. Therefore, the base was changed ( Table 2 ) and tBuLi gave the best selectivity (13:14=20:1). The reason why this base gave the best results was presumably because lithium can chelate to both the carbonyl groups in the ester and ketone. However, the reason why the ethyl ester was better than either the Me or tBu one was not clear at this stage.
Acetylization and reduction of bicyclic ketone 13 (R=Et) gave alcohol 15. Then, mesylation and cyanidation afforded nitrile 17, which was methylated (MeLi) to ketone 18. Baeyer-Villiger oxidation with mCPBA of ketol 20, derived from 18 in two steps [(1) NaBH 4 , (2) TsOH/MeOH-H 2 O], afforded a mixture of lactone 21 and ketone 22. Compound 21 was easily converted to 22. Ketone 22 was treated with the Wittig reagent to give 23, which was reduced by LiAlH 4 to produce diol 24. The three asymmetric centers in 24 were established as depicted, because the stereochemistry of bicyclic ketone 13 was unambiguously determined by NOESY. Therefore, all the chiral centers necessary for synthesis of verticillol were stereoselectively introduced into the precursor compound 24 (Scheme 4).
We have further challenged the cyclization reaction to the 12membered carbocycle in verticillol. Alcohol 24 was oxidized to aldehyde 25, which was further converted to ethyl ester 26. The geometry was determined to be E by comparing the chemical shift of the olefinic proton ( 6.75) and the methyl group ( 1.85) with similar reported data [10] .
The next three steps in the procedure [(1) LiAlH 4 , (2) Dess-Martin oxidation, (3) CH 2 =CHCH 2 MgBr/THF] gave triene 29. A hydroxy group produced here might be reduced at a later stage and we continued the synthesis retaining this hydroxy group. Alcohol 29 and TES-protected triene 30 were subjected to reaction with Grubbs II and Hoveyda-Grubbs catalysts [11] . The results are listed in Table 3 . In each case, dimeric products 31-33 were produced, as well as side products 34-37. Compound 31 exhibited a peak in its MS at m/z 663 [M+Na] + , 32 at m/z 778, and 33 at m/z 891. The NMR spectra also supported these results.
A vinyl group at the end of the side chain easily reacted with the catalyst. However, the following reaction with a more congested alkene end was presumably too slow, and, instead, dimerization was a faster process. Otherwise, the reagent attacked to afford 34-37. We suspect that the major reason for not producing the desired compound is due to the conformation at the transition state. The stable conformation of compound 29 calculated by CONFLEX [12] is shown in Figure 1 , showing both ends of the alkene moieties are apart from each other [13] .
In conclusion, we succeeded in the construction of chiral hexasubstituted cyclohexanediol 24, a key intermediate for the synthesis of verticillol (1), with the correct configuration, starting from (+)-dihydrocarvone (6) . The challenge to cyclize to the 12-membered carbocycle in this system failed, presumably due to an undesirable conformation of the substrate.
Experimental
General: IR spectra were measured on a JASCO FT/IR-410 spectrophotometer; 1 H and 13 Table 3 .
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Natural Product Communications Vol. 10 (4) 2015 553 was dried (MgSO 4 ) and evaporated to afford a residue. Purification was made with silica gel BW-127ZH or BW-300 (Fuji Silysia) for column chromatography. Silica gel 60 F 254 plates (Merck) were used for TLC. Chemcopak Nucleosil 50-5 (4.6×250 mm) with a solvent system of n-hexane-ethyl acetate was used for HPLC (JASCO pump system).
General procedure for RCM reaction:
A solution of a substrate in CH 2 Cl 2 was treated with either Grubbs II or Grubbs-Hoveyda catalyst (30 or 50 mol%) and the mixture stirred under reflux for a certain time. The mixture was purified directly by silica-gel CC to afford products. 13 C NMR (100 MHz, CDCl 3 ): 4.9 (CH 3 ×3), 6.9 (CH 3 ×3), 11.3 (CH 3 ), 22.6 (CH 3 ), 23.1 (CH 2 ), 25.9 (CH 2 ), 26.2 (CH 2 ), 26.3 (CH 2 ), 27.5 (CH 3 ×2), 36.4 (CH 2 ), 37.9 (C), 41.1 (CH 2 ), 41.2 (CH 2 ), 41.3 (C), 43.5 (CH×2), 74.7 (C), 78.5 (CH), 109.7 (CH 2 ), 116.1 (CH 2 ), 125.9 (CH), 135.7 (CH), 137.5 (C), 146.8 (C 
